Abstract Magnetotactic bacteria (MTB) synthesize magnetite and greigite crystals under low oxygen conditions in the water column or uppermost sediment (greigite-producing bacteria are found below the oxic-anoxic transition). Dissolved iron and oxygen contents in local environments are known to be limiting factors for the production and preservation of biogenic magnetite. Understanding the processes that link MTB to their living environments is fundamental to reconstructing past chemical variations in the water column and sediment, and for using the magnetic properties of biogenic magnetite as environmental proxy indicators. Previous studies have suggested that the frequently identified biogenic soft (BS) and biogenic hard (BH) magnetite types are associated with equant and more elongated morphologies, respectively, and that their abundance varies in accordance with sedimentary oxygen content, where MTB that produce the BH component live in less oxygenated environments. We test this hypothesis in a high-resolution integrated environmental magnetic and geochemical study of surface sediments from Mamanguá Ría, SE Brazil. Based on magnetic and pore water profiles, we demonstrate that both the BS and BH components occur within microaerobic environments and that as sediment oxygen content decreases with depth, the BS component disappears before the BH component. With continued burial into the sulfidic diagenetic zone, both components undergo progressive dissolution, but the BH component is more resistant to dissolution than the BS component. Our observations confirm previous inferences about the relative stability of these phases and provide a firmer basis for use of these two types of biogenic magnetite as paleoenvironmental proxies.
Introduction
Magnetotactic bacteria (MTB) are a group of prokaryotes that biosynthesize membrane-bound magnetic mineral crystals (Bazylinski et al., 1995; Bazylinski & Frankel, 2004) . They occur in many aquatic environments, including in freshwater, marshes, and marine waters (Yan et al., 2012) , and are found commonly in water columns and sediments with vertical chemical stratification (Bazylinski & Williams, 2006) . The abundance of magnetite-producing MTB is generally highest around the oxic-anoxic interface (OAI; i.e., the nitrogenous-ferruginous boundary; Roberts, 2015) , while greigite-producing MTB live in anoxic sulfidic regions. MTB are, therefore, considered to be facultatively anaerobic microaerophiles. MTB can occur in large numbers in specific conditions (e.g., at the OAI), which suggests that their presence is related to specific ecological conditions (Bazylinski & Williams, 2006) . Therefore, studying the natural distribution of MTB can be useful for understanding water column and sedimentary environments.
Magnetite produced by MTB has specific characteristics in terms of stoichiometry, crystal structure, morphology, size, and spatial organization (Chen et al., 2014; Egli, 2004b; Kopp & Kirschvink, 2008; Mann et al., 1984; Yan et al., 2012) . The magnetic properties of biogenic magnetite have been studied extensively (Chang et al., 2018; Egli, 2004a Egli, , 2004b Egli, , 2004c Egli et al., 2010; Jovane et al., 2012; Kruiver & Passier, 2001; Mohamed et al., 2011; Moskowitz et al., 1993; Roberts et al., 2011; Savian et al., 2014 Savian et al., , 2016 , and a range of techniques exist to recognize and characterize such crystals. Environmental magnetic studies can be a rapid and reliable way ©2019. The Authors. This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.
to track the spatial distribution of MTB, which have the potential to enable reconstruction of oxygen gradients in natural environments (Chang et al., 2018) , where other proxies or methods of study are less readily applicable. For example, previous studies have suggested that the frequently identified biogenic soft (BS) and biogenic hard (BH) magnetite types are associated with equant and more elongated morphologies, respectively, and that their abundance varies in accordance with sedimentary oxygen content, where MTB that produce the BH component live in less oxygenated environments (Chang et al., 2013 (Chang et al., , 2018 Egli, 2004a Egli, , 2004b Egli, , 2004c Kodama et al., 2013; Usui et al., 2017; Yamazaki, 2012; Yamazaki & Shimono, 2013) . Despite the potential value of such proxy information, magnetic proxies for BS and BH magnetite have not been assessed adequately in relation to direct pore water determinations of sedimentary oxygenation. The aim of this study is to provide a direct test of whether the BS and BH magnetite types can be used to provide proxy information about sedimentary oxygenation.
We present an integrated study of magnetic properties, pore water chemistry, and lithology of surface sediments from a coastal ría environment in the Saco do Mamanguá (Rio de Janeiro, Brazil) (Benites et al., 2015; Rodelli et al., 2018) . A previous study of chemical and structural characteristics of extracted biogenic magnetite from Mamanguá Ría indicates that structural transformation of crystals occurs with depth, with partial oxidation of magnetite into maghemite (Rodelli et al., 2018) . Beginning with this observation, our objective is to understand the interplay between physical and chemical environmental characteristics and their relation to MTB. We characterize chemical stratification in the sediment column in a small, enclosed basin, with limited oceanic influx by comparing direct (pore water chemistry, lithology) and indirect (magnetic) methods to assess whether magnetic properties can provide proxies for geochemical and oceanographic conditions in the geological record. This work represents a comprehensive analysis of the boundary conditions for geological preservation of biogenic magnetite. Our results should be helpful in gaining new insights into links between metabolic processes of MTB and their environment.
Environmental Setting
Saco do Mamanguá is located in Ilha Grande Bay and is part of the Municipality of Paraty (Rio de Janeiro, Brazil). It is elongated (~11-km long and~2-km wide) and is flanked by relatively steep mountains (Figure 1 ). It is, thus, morphologically considered a ría (i.e., an ancient river valley drowned due to postglacial sea level rise, Castaing & Guilcher, 1995) . Mamanguá Ría has restricted circulation and low intensity tidal variation, which ranges between 64 and 125 cm (Bernardes, 1996) . The inner ría receives organic matter from land, like in an estuary, while the outer ría is influenced by marine production (Spera, 2012) . Surface sediments are predominantly composed of clay and silt and are water saturated. High organic phosphorus contents (199-324 mg/g) indicate a significant nutrient supply from local soil erosion (Teixeira, 2009) . Gas seepage has been reported from shallow depths below the seafloor (Benites et al., 2015) .
The ría margins are composed of granites linked to the Araçuaí orogen (Almeida, 1977; Pedrosa-Soares et al., 2007) . Peraluminous granites are dominant on the NE ría flank, while alkaline granites and gneissic leucogranites crop out on the SW flank. Structurally, the region is characterized by an extensive SW-NE and SE-NW oriented orthogonal fault and fracture system. Atlantic forest covers most of the area and has contributed to formation of extensive lateritic soils.
Materials and Methods
Sediment cores were collected at 11 sites along Mamanguá Ría during various cruises between February 2014 and August 2015. This study is focused on cores collected from Sites 1, 4, and 9, from the outer, middle, and inner sections of the ría, respectively ( Figure 1 and Table 1 ). At Site 9, a vibracorer was used to obtain a longer core (Core 9M), which led to recovery of 411 cm of sediment. Core 9M has been studied in detail, with environmental magnetic measurements at 1-cm stratigraphic intervals and discrete samples collected at 2-or 5-cm intervals. At Sites 1, 4, and 9 (Cores 1, 4, and 9), a custom-made gravity corer was used, recovering 81, 129, and 242 cm of sediment, respectively, and the recovered material was sampled at 5-cm stratigraphic intervals to enable correlation of Core 9M to the basin. We studied only cores from three sites because of the limited variation expected in the small area of Mamanguá Ría, with cores selected to represent the outer, middle, and inner ría.
Paleomagnetism
Detailed magnetic measurements were made throughout Core 9M (411 cm) on continuous u-channel samples with 2 × 2 cm cross section and length <1.5 m (Weeks et al., 1993) . Discrete oriented samples were collected at 5-cm intervals in plastic cylinders. The natural remanent magnetization (NRM) was analyzed first on the u-channel sample. To identify primary and secondary magnetic components, we used stepwise alternating field (AF) demagnetization, with steps of 0, 2. 5, 5, 7.5, 10, 15, 20, 25, 30, 40, 50, 60, 70, 80, 90 , and 100 mT. The u-channel was measured at 1-cm intervals, where consecutive measurements are not independent due to the 4.5-cm half-width of the response function of the 2-G Enterprises superconducting rock magnetometer used for the analyses (e.g., Weeks et al., 1993) . The magnetometer is located in a magnetically shielded room at the Paleomagnetism Laboratory, Instituto de Astronomia, Geofísica e Ciências Atmosféricas, Universidade de São Paulo, Brazil. Data were analyzed with the software of Xuan and Channell (2009) to isolate the characteristic remanent magnetization, using principal component analysis (Kirschvink, 1980) , and deconvolution was applied. The magnetometer response functions were measured using an internal standard. Edge effects due to the half-width of the magnetometer response function require data removal from the first and last 5 cm of each u-channel to avoid artifacts during deconvolution.
Environmental Magnetism
Various magnetic measurements were made to analyze the magnetic mineralogy of the studied cores. An anhysteretic remanent magnetization (ARM) was imparted by imposing a 0.1-mT direct current (DC) bias field while demagnetizing the sample in a 0.1 T AF. The ARM was then measured and progressively AF demagnetized with fields of 5, 10, 15, 20, 25, 30, 40, 50, 60, 70, 80, 90, and 100 mT. An isothermal remanent magnetization (IRM) was imparted by applying a 1.0 T direct field (IRM@1.0) and a backfield IRM was then imparted by subsequently applying DC fields of 0.1 T (IRM@-0.1) and 0.3 T (IRM@-0.3) in the opposite direction. U-channel ARM and IRM data were processed and deconvolved with the software of Xuan and Channell (2009 After completion of NRM, ARM, and IRM measurements on u-channel samples, cores 1, 4, and 9M were sampled at 5-cm intervals for additional magnetic analyses. The sampled sediment was then dried, milled, and sieved to retain the <150-μm fraction before the following magnetic measurements were made. Detailed IRM acquisition curves were measured by placing samples in progressively higher DC fields up to maximum fields of 1.8 T, with 100 acquisition steps, at which point the magnetization is a saturation IRM. IRM curves were separated into discrete coercivity components following Robertson & France (1994) , with cumulative log-Gaussian functions using the software of Kruiver and Passier (2001) . Parameters associated with each magnetic component were documented. Hysteresis loops were then measured by placing samples in an applied magnetic field that was increased progressively to a maximum value of 1.8 T and then decreased in the opposite direction to −1.8 T to determine the saturation magnetization (M s ), saturation remanence (M r ), and coercivity (B c ) for each sample. The high-field contribution was corrected using the slope of the linear part of the hysteresis loop.
First-order reversal curve (FORC) diagrams are plotted as a two-dimensional distribution function from a class of partial hysteresis curves, where one dimension represents the coercivity and the other represents magnetostatic interactions among Single Domain (SD) magnetic particles or features associated with the presence of vortex state or multidomain particles (Pike et al., 1999; Roberts et al., 2000 Roberts et al., , 2017 . FORC diagrams were produced using the FORCINEL 3.0 software (Harrison & Feinberg, 2008) . For samples from cores 1 and 4, low-resolution FORCs (100 curves) were measured at 5-cm stratigraphic intervals to gain preliminary information about magnetic mineral assemblages (for a total of 70 FORCs), while four selected samples from Core 9M were measured at high resolution (297 curves each, averaging time of 150 ms, δB = 0.075 mT, for five sets of stacked measurements). Low-resolution FORCs (100 curves each) were measured for samples collected at 2-cm intervals from the uppermost 50 cm of Core 9M and at 5-cm intervals throughout cores 1 and 4. Principal component analysis (PCA) was performed to separate contributions of different FORC end-members, using the FORCem algorithm of Lascu et al. (2015) . FORC diagrams are an excellent method for detecting signatures due to biogenic magnetite (Egli et al., 2010; Heslop et al., 2014; Jovane et al., 2012; Roberts et al., 2012) . Magnetic measurements were made using a Lake Shore Cryotronics Inc. vibrating sample magnetometer at the Centro Oceanográfico de Registros Estratigráficos (CORE) Laboratory, Instituto Oceanográfico, Universidade de São Paulo, Brazil.
Pore Water Chemistry
Holes were drilled into core liners at 10-cm stratigraphic intervals, and pore waters were extracted using Rhizon polymer filters with 0.1-μm pore size (Seeberg-Elverfeldt et al., 2005) connected to a syringe (http://www.rhizosphere.com/rhizons). A maximum of 10 ml of water was extracted for most samples. Soon after collection,~2 ml of pore water was placed in a transparent glove box with an inert atmosphere for measuring dissolved oxygen (DO) concentration, pH, and oxidation-reduction potential (ORP). DO was measured with a DO probe connected to a VWR sympHony bench-top meter, while pH, EC, and ORP were measured with a HACH SensION portable meter. Detection limits are 0.03 mg/L (0.3%) for DO, 0.01 for pH, and 0.1 mV for ORP. Reproducibility tests performed with this equipment reveal that absolute values are not particularly consistent; however, measurements were made the same day under the same conditions, so data trends can be considered significant. All samples were filtered and diluted to 10 ml, with HNO 3 5% solution in ultrapure water (Milli-Q) and were analyzed using inductively coupled plasma optical emission spectrometry (ICP-OES). All 36 samples from cores 4 and 9 were filtered and diluted to 10 ml, with HNO 3 5% solution in ultrapure water (Milli-Q) in duplicates and were analyzed with ICP-OES using CASS-4 as reference material. The limits of detection of the HACH SensION (intended as the lowest amount that could be reliably detected in the sample) are 0.01 for pH and 0.1 mV for ORP, with reproducibility less than 3% and signal-to-noise ratios of 3. The precision of the measurement (intended as measuring error) is ≤0.01 for pH and ≥1 mV for ORP. On the other hand, the precision of the measurement intended as reproducibility is ±0.01 for pH and ±1 mV for ORP. Pore water analyses on sediments from Site 9 were carried out on a different gravity core to that used for other analyses because vibrations associated with coring are likely to have disturbed the pore fluid distribution.
Mineralogy, Grain Size, and Petrophysical Properties
Powder X-ray diffraction (XRD) analysis was carried out on samples collected at 10-cm stratigraphic intervals from Core 9 (40 samples were analyzed). Samples were prepared by crushing and pulverizing~0.2 g of bulk sediment in a mortar. Samples were analyzed with an Olympus® Benchtop XRD/XRF (BTX) diffractometer using Co-K radiation, operated at 30 kV and 0.326 mA, over the 2θ range of 5°-60°, with a step size of 0.05°(results are a stack of 60 exposures to X-rays, each of 15-s duration). Mineral identification and analysis was carried out using the XPowder software (Version 2010.01.15 PRO), which uses the PDF-2 International Centre for Diffraction Data database. XRD identification criteria are based on Biscaye (1965) , Moore and Reynolds (1989) , and Hillier et al. (2003) . Semiquantitative analyses were performed through the reference intensity ratio method, which is based on scaling all data to diffractions from standard reference materials, according to Chung (1974) . About 5 g of sample from 10-cm stratigraphic intervals were used for grain size analyses. Samples were treated with 10% hydrogen peroxide to remove organic matter, and with 0.05 g of pyrophosphate added to each sample to avoid clay mineral flocculation. The measurements were performed with a Bluewave Microtrac system. Petrophysical properties of Core 9 were measured using a GEOTEK multisensor core logger, with piezo-electric ceramic transducer for P wave velocity measurements, a Bartington Instruments loop sensor for magnetic susceptibility measurements, and natural gamma-ray counters for natural gamma-ray spectroscopy, density, and porosity measurements.
Transmission Electron Microscope Imaging
For transmission electron microscope (TEM) imaging, magnetic nanocrystals from Core 4 (at 0-to 30-, 45-to 60-, and 75-to 90-cm depths) and Core 9M (at 0-to 15-, 15-to 30-, 45-to 60-, and 90-to 105-cm depths) were extracted following Strehlau et al. (2014) . After concentrating nanocrystals with a magnet, the material was deposited over formvar-coated 300 mesh copper grids and air dried. Images were obtained with a Morgagni TEM (FEI, Hillsboro, OR, United States) at 80 kV.
Radiocarbon Dating
Six bivalve shell specimens were chosen from Core 9M at depths of 54, 162, 220, 314, 320, and 409 cm for 14 C dating. All bivalves were closed, articulated, and in life position, with no evidence of transport and sediment reworking. The shells were sent to two external laboratories (ICA, Inc. and the Physics Department, University of Arizona) for radiocarbon dating using accelerator mass spectrometry.
Results

Sedimentation Rate
Although it was not possible to calibrate the radiocarbon results due to uncertain marine reservoir corrections in this environment, the obtained ages can be used to estimate the mean sedimentation rate for Core 9M. Results, as shown in Figure S1 and Table S1 in the supporting information, are consistent, regardless of the laboratory in which they were analyzed. The sedimentation rate was stable throughout Core 9M with a mean value of 1.15 m/kyr.
Environmental Magnetism
Downcore environmental magnetic variations for Core 9M indicate higher NRM, ARM, and IRM values in the uppermost 35 cm of the core (Figures 2b-2d) . Parameter values then drop abruptly and remain almost constantly low, decreasing by a factor of 10 to 100. The S ratio (Figure 2e) gives information about the relative concentration of high and low coercivity minerals. Its mean value for the uppermost 35 cm is 0.97, below which it drops to 0.4 at 40 cm, and then returns to values of~0.8 throughout the rest of the core. S ratio values are consistent with the dominance of magnetite, except at 40 cm, which is consistent with a dominance of hematite (Bloemendal et al., 1992; Frank & Nowaczyk, 2008) . HIRM (Figure 2f ), which provides information about the absolute concentration of high coercivity minerals, has similar characteristics to NRM, susceptibility, ARM, and IRM. Consistently high values of NRM, ARM, and IRM indicate high magnetic mineral concentrations. ARM/IRM is sensitive to magnetic grain size and high values indicate a high fraction of SD relative to coarser particles (Evans & Heller, 2003) . The magnetic property shift below 40 cm is consistent with rapidly decreasing magnetic mineral concentrations and increased magnetic particle sizes. S ratio and magnetic grain size variations suggest that the transition is marked by increased relative contributions of high coercivity minerals (e.g., hematite).
IRM acquisition curves for discrete samples have different behavior above and below depths of 30-40 cm (Figures 3 and S5 and Table S2 ). Above this depth, samples can be fitted with four components: one has 10.1029/2018JB016576
Journal of Geophysical Research: Solid Earth low coercivity (average 8 mT) and high dispersion (0.31) that contributes 10% of the total signal and is interpreted to be detrital magnetite, or possibly the result of thermal activation of a superparamagnetic (SP) component within a broader SD distribution (Heslop et al., 2004) . A component with high coercivity (242 mT) and dispersion of 0.25 is interpreted to be hematite, which contributes <4% of the magnetic signal. Two medium-coercivity components have values consistent with biogenic magnetite (mean coercivity of 32 mT and dispersion of 0.23, and mean coercivity of 61 mT and dispersion of 0.15), which together account for >84% of the magnetic signal of these samples. These components represent the BS and BH magnetite components, respectively, of Egli (2004b Egli ( , 2004c . Below depths of 30-40 cm, samples are more variable in terms of magnetic component characteristics and number of components. The medium coercivity component has higher dispersion (>0.24), which indicates that the magnetite is either not biogenic or that the magnetite crystals have undergone some kind of alteration. Hematite contributions increase with depth to about 40 cm, and in some samples, a second high coercivity component appears, with a mean contribution of 8%. IRM acquisition curve decomposition for samples below 35 cm is nontrivial because of weak magnetizations and low signal-to-noise ratios due to low magnetic mineral concentrations.
IRM components in samples from Cores 1 and 4 are similar to those from Core 9M. Above the key transition depths (10 and 30 cm, respectively), samples are fitted with two components, one with low coercivity (B 1/2 of 14 mT) and one with medium coercivity (B 1/2 of 43 mT) and low dispersion parameter (DP) values, with the medium coercivity component contributing almost 80% of the IRM. Below these depths, samples are more variable, with a third high coercivity component (B 1/2 of 320 mT) that contributes >40% of the signal. The medium coercivity component has higher B 1/2 values in these samples, with a mean of 60 mT. The low 
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Journal of Geophysical Research: Solid Earth coercivity component can be interpreted as coarse detrital magnetite (Egli, 2004a; Savian et al., 2014) . Coercivity and DP values for the second component are consistent with the narrow grain size range of biogenic magnetite produced in situ by magnetotactic bacteria (Egli, 2004b (Egli, , 2004c Jovane et al., 2012; Kruiver & Passier, 2001; Roberts et al., 2012; Savian et al., 2014) . The higher DP and coercivity distribution of this component below 30 and 40 cm may be due to alteration of biogenic magnetite. The high coercivity component values are consistent with the presence of hematite.
Hysteresis loops have low coercivities that are typical of magnetite (e.g., Dunlop & Özdemir, 1997) . M rs and M s vary with similar trends as the magnetic concentration-dependent parameters in Figure 2 , with high values above 35 cm and lower values below, while B c decreases to a minimum at 40 cm and then increases downcore to reach similar values as in the upper part of the core at about 100 cm (Figures 4a-4c ). Coercivity and magnetization parameters for Cores 1 and 4 have similar behavior and parameter values as Core 9M, with minimum values at depths of 10 and 30 cm, respectively. Coercivity increases again to reach similar values to those of surficial sediments below these depths (Figures 4a-4c) . Roberts, Tauxe, et al. (2018) presented extensive arguments for why the widely used Day diagram (Day et al., 1977) is ambiguous for domain state diagnosis. In doing so, they presented several examples where data trends in M rs /M s -B cr /B c space can provide valuable information about environmental processes even though regions of the Day diagram in which most data lie are not necessarily indicative of the domain state of constituent magnetic particles. Progressive downcore magnetite dissolution is one such example. Hysteresis parameters for samples from the uppermost 31 cm of Core 9M are clustered with M rs /M s values in the 0.23-0.37 range ( Figure 5 ). From depths of 32 to 55 cm below sea floor (bsf), data are more dispersed, with a trend toward higher B cr /B c values and M rs /M s values of~0.18. Below depths of 60 cm bsf, a looping trend is observed to higher M rs /M s values and slightly lower B cr /B c values that do not reach initial values for the uppermost part of the core. The anticlockwise loop of hysteresis ratios fits a model where reductive diagenesis leads to selective dissolution of the finest (biogenic) magnetic particles within an initial detrital + biogenic magnetic mineral assemblage, which results in a relatively coarser residual assemblage, while reaction of diagenetically released iron with sulfide in the sulfidic diagenetic zone produces authigenic (d-f) Results of principal component analysis of low-resolution FORC diagrams for the three studied cores, expressed as the absolute contribution relative to the total magnetization: EM 1 is noninteracting SD magnetite, and EM 2 is SP/SD material. See text for discussion. Hysteresis parameters are normalized to indicate relative variations rather than absolute values. FORC EMs were defined using the FORCem algorithm of Lascu et al. (2015) . FORC = first-order reversal curve; EM = end-member; SP = superparamagnetic. SP/SD greigite that causes the trend to loop back to higher M rs /M s values. This trend has been associated with progressive reductive diagenesis of shallow organic-rich sediments around the world (Roberts, 2015; Rowan et al., 2009) , including the Oman, northern California, Oregon, and Argentine margins, Korea Strait, Ontong-Java Plateau, Niger Fan, and Japan Sea (Dillon & Bleil, 2006; Garming et al., 2005; Karlin, 1990; Liu et al., 2004; Rowan et al., 2009; Tarduno, 1994 Tarduno, , 1995 Yamazaki et al., 2003) . The magnetization of sediments in the sulfidic zone in which greigite is proposed to grow is weak , so greigite has not always been detected in this zone. Its presence here is associated with the looping trend in M rs /M s -B cr /B c space rather than by direct identification.
High-resolution FORC diagrams for selected samples from Core 9M (Figure 6 ) have a distinct narrow horizontal central ridge that extends from near B c = 0 to maximum values at~30-40 mT, with negligible magnetostatic interactions (vertical axis). This ridge is prominent only in the uppermost 35 cm of the core. FORC diagrams for samples from Cores 1 and 4 contain a similar central ridge for samples from the uppermost parts of the cores, which disappear at depths of 10 and 30 cm, respectively ( Figures S2-S4 ). Below this depth, only a SP component is visible (cf. Pike et al., 2001 ).
PCA analyses for the entire FORC data set are reported in Figure 4d for Core 1, Figure 4e for Core 4, and Figure 4f for Core 9M. The total low-resolution FORC signature can be divided into two end-members (EMs): one (EM 1) is consistent with noninteracting biogenic magnetite and a second (EM 2) represents SP material of possible detrital or diagenetic origin as discussed below. Downcore variations of the two EMs are consistent with the observation that key changes occur at depths of 10, 30, and 35 cm in Cores 1, 4, and 9M, respectively. Above these depths, the major constituent is biogenic magnetite, which makes up 80% of the magnetic signal. Below these depths, the biogenic magnetite signal disappears abruptly, and only a component close to the SP/SD threshold remains. Absolute values for each PCA EM and the total magnetization intensity indicate that while the biogenic component disappears with increasing depth, the SP/SD component is almost constant along the three cores. In addition, detrital magnetic mineral abundances are higher for Core 1 than for Cores 4 and 9M, which suggests that detrital input is higher in the outer part of Mamanguá Ría and that the waters of the internal part are relatively isolated from Ilha Grande Bay. Direct evidence of the presence of biogenic magnetite was obtained through TEM imaging of nanocrystals from magnetic mineral extracts (Figure 7 ).
Pore Water Chemistry
Pore water chemistry was analyzed on longer gravity cores from Site 4 (210 cm) and on a shorter core from Site 9 (170 cm) because vibracoring is likely to disturb the sedimentary pore water zonation. DO and ORP for the two cores (Figures 8a and 8b) have higher values in the uppermost 35 to 45 cm and lower values in the lower part of the cores. The downcore patterns are consistent at both sites. However, at Site 4 the values decrease more gradually to a minimum at 35 cm, while at Site 9 they drop sharply below 50 cm. Mean values for DO and ORP for Core 4 are 2.65 mg/L and −171 mV, respectively, for the uppermost 30 cm of the core, while from this depth to the bottom, mean values are 0.80 mg/L and −291 mV. Values for the uppermost 40 cm of Core 9 are 3.37 mg/L for DO and 146 mV for ORP, while from 40 cm to the bottom they are 0.72 mg/L and −272 mV, respectively. Dissolved pore water iron contents for Cores 4 and 9 are shown in Figure 8c . Values are fairly constant along the cores (with spikes in the upper part of Core 9, probably due to measurement errors associated with the small amounts of water extracted at these depths), with mean values of 4.6 μmol/L for Core 4 and 8.0 μmol/L for Core 9.
Mineralogy, Grain Size, and Petrophysical Properties
XRD patterns indicate the presence of four principal mineral phases: quartz, Na-feldspar, kaolinite, and illite (Figure 9b ). The proportion of these phases does not vary significantly downcore, with mean concentrations 
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Journal of Geophysical Research: Solid Earth of 45%, 23%, 12%, and 20%, respectively. This constant mineralogical composition suggests that sediment provenance did not change throughout the studied time interval. Grain size analyses indicate that the sediment is composed predominantly of clay and silt, with a small sand fraction (Figure 6c ). Downcore variations are minimal, with few intervals with slightly greater sand contents.
The mean p wave velocity is 1437 m/s for most of the core, although it is slightly lower in the upper 25 cm of sediment (Figure 9d ) where sediment water contents are higher. Density follows the same pattern and increases from about 1.4 g/cm 3 to a steady value of 1.99 g/cm 3 . Downcore volume normalized susceptibility values of the whole core are relatively stable at about 3.4 (microSI). Values decrease over~20-cm intervals around core breaks due to measurement edge effects. Natural gamma rays have low counts per second (cps), with a mean value of 64.8 cps, and slightly higher counts (68) in the uppermost 5 cm of the core, and a maximum of 71 cps at 2.3 m bsf. 
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Discussion
Environmental magnetic variations indicate that the uppermost 10-40 cm of sediment from Mamanguá Ría is rich in biogenic magnetite. This magnetite would have been produced in situ by MTB and is mixed with a small proportion of detrital magnetite and hematite sourced from weathering of local granites. Magnetite and hematite are also produced during pedogenesis, so that erosion and transportation of soil particles into the ría will contribute to sedimentary magnetism. High oxygen concentrations in the uppermost Mamanguá Ría sediment column cause oxidation of magnetite crystals, which is evident in synchrotron analyses that reveal progressive oxidation state changes of Fe (Rodelli et al., 2018) . Magnetic analyses indicate little change from the magnetic signatures of pristine biogenic magnetite (Rodelli et al., 2018) . This is mainly due to the fact that magnetosome crystals in living magnetotactic bacteria are encapsulated by a protein membrane . Burial under oxidizing conditions will cause gradual oxidation of magnetite, but the magnetic properties and characteristic morphologies and sizes of magnetite magnetosomes remain detectable despite oxidation (e.g., Chang et al., 2013; Rodelli et al., 2018; Yamazaki & Shimono, 2013) . In order to understand relationships between biogenic magnetite and the environments in which MTB lived, we assess variables that could have affected its formation and preservation. Lithological indicators (mineralogy, grain size, sediment density, and natural gamma ray analyses) and sedimentation rate are essentially constant along the studied cores, which means that variations in the concentration and characteristics of biogenic magnetite depend mostly on pore water chemistry. We assess these variables below. 
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MTB Response to Chemical Conditions
Dissolved oxygen and iron contents in the water column and pore waters are known limiting factors for magnetite biosynthesis (Liu et al., 2010; Mao et al., 2014) , which also appear to be important for magnetite biomineralization in ancient MTB . Sedimentation rate, detrital magnetic mineral abundance, mineralogy, sediment density, porosity, and grain size did not change significantly throughout deposition, so the external supply of key nutrients, such as Fe, is likely to have been relatively constant throughout the studied sediment. MTB thrive in environments with available dissolved Fe. The absence of biogenic magnetite at depths below 10, 30, and 35 cm in Cores 1, 4, 9, and 9M, respectively, is best explained by diagenetic reduction of oxygen within the sediment ( Figure 5 ). Magnetite dissolution associated with Fe reduction should lead to increased dissolved Fe in pore waters, which is not observed in our data (apart from two Fe spikes in the upper part of Core 9, which are likely due to imprecise measurements). The lack of increased dissolved Fe with depth from the dissolution of biogenic magnetite is likely to be due to prompt Fe sequestration in insoluble pyrite in association with bacterial sulfate reduction within the sediment (Berner, 1984; Morse & Luther, 1999) . The sulfide produced by these bacteria is a by-product of organic matter degradation (Berner, 1984; Charriau et al., 2011) . However, we do not exclude the possibility that the lack of correlation between dissolved Fe and magnetosome dissolution could be related to (1) the fact that the amount of Fe sequestered by magnetosomes does not constitute a large fraction of the total Fe in the system and (2) other processes that could result in iron take-up by products of extracellular dissimilatory iron-reducing or sulfate-reducing bacteria.
A stability diagram for Fe minerals as a function of pH and ORP (Pourbaix, 1974 ) is shown in Figure 10 . Data for samples from the uppermost part of the cores fall within the stability area for Fe oxyhydroxides (e.g., goethite), which is indicative of oxic environments. Importantly, phospholipid membranes protect biogenic magnetite in living bacteria; therefore, MTB do not need to be in chemical equilibrium with their external environment. Data for sediments in Figure 10 lie on a trajectory with increasing depth that trends toward the stability area for Fe 2+ in solution, which is indicative of progressive diagenetic reduction within the sediments. The oxygen gradient measured in the pore water profiles reflects organic matter decomposition, which consumes most of the oxygen within the uppermost tens of centimeters of sediment. This has a direct effect on biogenic magnetite preservation. A negative S ratio spike reflects a rapid relative increase in higher coercivity magnetic mineral contents (e.g., hematite), where the oxygen concentration decreases so rapidly 
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Journal of Geophysical Research: Solid Earth that MTB cannot live and the interstitial sulfide content causes extensive biogenic magnetite dissolution. We consider this negative spike in the S ratio to represent the main sulfidic dissolution front that tends to occur just above the sulfate-methane transition (SMT; e.g., Riedinger et al., 2005) . Hematite is slightly less reactive to sulfide than magnetite (Emiroglu et al., 2004; Garming et al., 2005; Kawamura et al., 2007; Liu et al., 2004; Poulton et al., 2004; Rey et al., 2005; Roberts, 2015; Robinson et al., 2000; Rowan et al., 2009; Yamazaki et al., 2003) , so the observed local increase in hematite content is consistent with expectations of iron oxide reactivity to sulfide. Compared to deep-sea environments, it may seem unusual for molecular oxygen to still be present at this depth at which reductive organic matter respiration is occurring. Significant overlap in diagenetic zones is a feature of coastal environments (e.g., Canfield & Thamdrup, 2009) , or it may be that the pore water profiles were disturbed by coring. Regardless, the progressive downcore ORP decrease is a clear indicator of progressive reduction and that the diagenetic loss of biogenic magnetite is due to progressive reductive dissolution.
Selective Magnetofossil Dissolution
Yamazaki and Kawahata (1998) demonstrated that magnetite magnetofossil morphology depends on organic carbon flux to the seafloor, with more elongated morphologies occurring in less oxic environments and vice versa. Egli (2004a Egli ( , 2004b Egli ( , 2004c demonstrated that in lake sediments, BS and BH magnetite behave differently in environments with low oxygen concentrations (BH is more stable than BS). The difference between BS and BH lies in the shape of the crystals: the BS component is dominated by equant octahedra and the BH component is dominated by elongated parallelepipeds. More widespread evidence from marine sediments now links BS and BH magnetite to variable particle elongation with different MTB species thriving in different oxygen concentrations (e.g., Chang et al., 2013 Chang et al., , 2018 Usui et al., 2017; Yamazaki, 2012; Yamazaki & Shimono, 2013) .
Depth variations of BS and BH magnetite in sediments of Mamanguá Ría provide direct insights into the diagenetic fate of these magnetite types from a pore water based redox zonation in a modern depositional environment. The BS magnetite component is dominant down to 30 cm bsf and then diminishes rapidly before disappearing at 36 cm bsf. The concentration of BH magnetite, as expected, starts to increase at 29 cm bsf before reaching a maximum at 33 cm and then disappearing 3 cm deeper that the BS component at 39 cm bsf. New coercivity components appear in the IRM acquisition curves as soon as the BS and BH components disappear (Figure 3) . These new components have almost the same mean coercivity values as the BS and BH components, but with larger dispersion. This behavior indicates that the sulfidic diagenetic front at which magnetite dissolution is occurring lies at 36-39 cm bsf, which is above the inferred position of the SMT at~50-60 cm bsf. We cannot rule out the presence of MTB below the SMT based solely on magnetic properties because these measurements only reflect the presence of magnetic material, and MTB could pass undetected if internal metabolic processes consume most or all of the intracellular magnetite.
In addition to biogenic magnetite, the second magnetic mineral component identified from FORC-PCA is due to particles near the SP/SD threshold size (Figures 4d-4f) . The SP particles in these sediments have two likely sources. First, SP maghemite and magnetite are common products of pedogenesis (e.g., Liu et al., 2007; Maher & Thompson, 1991; Verosub et al., 1993; Zhou et al., 1990) , so that erosion and deposition of soil particles into the ría is an obvious source of SP particles. Second, reductive diagenesis produces authigenic SP particles (Tarduno, 1995) that are identified routinely in sulfidic diagenetic environments and are interpreted to be due to greigite (Rowan et al., 2009; . The possibility that the SP crystals might be of extracellular origin (e.g., Kato, 2016; Osorio et al., 2013) may be ruled out because no sign of extracellular magnetite is observed in TEM images. Both of the first two particle sources are likely to contribute to SP behavior in the studied cores. Soil particles are the most likely source of SP behavior in the oxic uppermost sediments, but their high surface area means that they will, like biogenic magnetite, dissolve readily under sulfidic conditions. Pedogenic SP particles are, therefore, highly unlikely to survive (Pourbaix, 1974) for Core 9 (blue squares) and Core 4 (red squares). The light gray arrow indicates the average trajectory, from core top to bottom, of pH versus ORP data.
10.1029/2018JB016576
Journal of Geophysical Research: Solid Earth below the sulfidic dissolution front. The presence of authigenic greigite in our samples below the sulfidic dissolution front is inferred from anticlockwise looping of hysteresis parameters in a plot of M rs /M s versus B cr /B c . SP greigite is likely produced below this depth; we interpret it to be responsible for the SP signal in the lower parts of the studied cores. It is curious that the SP signal is roughly constant above and below the sulfidic dissolution front in each core (Figures 4d-4f ), but we consider the dual source of SP signals to be necessary given the contrasting stability of fine iron oxides and sulfides in oxic and sulfidic environments.
Process studies of modern diagenetic environments, such as the one presented here, are needed to understand mineral magnetic results in the context of changing pore water chemistry. Studies of the geological record typically lack such direct constraints and require the framework provided by modern process studies. Overall, our results provide valuable insights into the stability of biogenic magnetite under reducing conditions and are consistent with a well-known broader framework for mineral magnetic changes that occur in sediments during progressive diagenesis from oxic through to methanic conditions (e.g., Roberts, 2015) . The relative stabilities of the frequently identified BS and BH components of Egli (2004a Egli ( , 2004b Egli ( , 2004c have been discussed frequently in relation to varying diagenetic conditions (e.g., Chang et al., 2013 Chang et al., , 2018 Egli, 2004a Egli, , 2004b Egli, , 2004c Kodama et al., 2013; Usui et al., 2017; Yamazaki, 2012; Yamazaki & Shimono, 2013) . However, inferences about the stability of these magnetite phases is based in all cases on diagenetic zonations based on magnetic properties with none of these studies including downcore pore water chemistry profiles. Our results provide an important direct constraint that validates such interpretations of magnetosome morphology and coercivity in terms of sediment oxygenation.
Conclusions
We demonstrate a correlation between environmental chemical conditions and magnetic minerals in surface sediments from Mamanguá Ría, Brazil. Sediment supply did not change significantly throughout the studied short sediment cores, so that sediment composition and relative nutrient abundances are likely to have been almost constant. Sedimentary oxygen content and redox potential, which were measured for pore waters from the studied sediments, therefore, provide the main factors that control the presence or absence of living magnetite-producing magnetotactic bacteria and magnetite magnetofossil preservation. Biogenic magnetite is present only where the redox potential and dissolved oxygen concentrations are high enough to allow magnetite-producing magnetotactic bacteria to live. The abrupt transition between relatively well-oxygenated and oxygen-depleted sediment is marked by the death of magnetite-producing magnetotactic bacteria and by rapid magnetosome dissolution. In the microaerobic surface environment, magnetotactic bacteria that produce both the biogenic soft and hard components of Egli (2004a Egli ( , 2004b Egli ( , 2004c are present. With increasing depth over a narrow stratigraphic interval, the biogenic soft component is removed preferentially by reductive dissolution and only the hard component remains. This confirms that the biogenic hard component is more resistant to diagenetic dissolution than the biogenic soft component. At the sulfidic dissolution front, the remaining biogenic hard component dissolves and no biogenic magnetite is detected below this transition. At this transition, magnetite dissolution liberates dissolved Fe 2+ that then becomes bioavailable for use by other chemosynthetic organisms or for reaction to form inorganic phases such as sedimentary greigite or pyrite. Overall, our results provide an important direct constraint that validates interpretations of magnetosome morphology and coercivity in terms of sediment oxygenation and redox potential.
